We report a general approach to fabricate elastomeric composites possessing high electrical conductivity for applications ranging from wireless charging interfaces to stretchable electronics. By using arbitrary nine kinds of rubbers as matrices, we experimentally demonstrate that the matching the solubility parameter of CNTs and the rubber matrix is important to achieve higher electrical conductivity in CNT/rubber composite, resulting in continuous conductive pathways leading to electrical conductivities as high as 15 S/cm with 10 vol% CNT in fluorinated rubber. Further, using thermodynamic considerations, we demonstrate an approach to mix CNTs to arbitrary rubber matrices regardless of solubility parameter of matrices by adding small amounts of fluorinated rubber as a polymeric-compatibilizer of CNTs. We thereby achieved electrical conductivities ranging from 1.2 to 13.8 S/cm (10 vol% CNTs) using nine varieties of rubber matrices differing in chemical structures and physical properties. Finally, we investigated the components of solubility parameter of CNT by using Hansen solubility parameters, these findings may useful for controlling solubility parameter of CNTs.
S
tretchable devices, such as stretchable circuits, stretchable electronic implants, and flexible displays have emerged as a new paradigm to realize future human-friendly and ubiquitous electronics [1] [2] [3] [4] [5] . Indispensable to realizing such devices are stretchable conductive materials, and thus intensive effort have been carried out to introduce conductive functionality to elastomers by the inclusion of electrically conductive fillers. Traditionally, spherical fillers, such as carbon black, have been used [6] [7] [8] . However the conductivity realized in Styrene-butadiene rubber (SBR) by the inclusion of over 30 wt% carbon black (, 10 22 S/cm) is far from sufficient for applications, such as electrodes of transistor circuits that demand high conductivities (10 0 ,10 2 S/cm). Driven by this demand, carbon nanotubes (CNTs) have been considered as a promising substitute for carbon black to realize superior conductive elastomers. In principle, CNTs are excellent fillers, because their high aspect ratio (1000,) and long one-dimensional structure facilitates the formation of conductive pathways throughout the host elastomer matrix. Therefore, higher conductivity has been demonstrated using CNT fillers at lower loading levels compared to spherical fillers. For example, Sekitani et al, used an ionic liquid as a surfactant to mix long single-wall carbon nanotubes 9 (SWCNT) synthesized by water-assisted chemical vapor deposition (CVD) into fluorinated rubber, and achieved 20 S/cm using only a 10 wt% long SWCNT loading 10 . In addition, the significance of this CNT elastomer composited was highlighted by the ability to print it onto a polydimethylsiloxane (PDMS) substrate and demonstrate a conductivity of 90 S/cm to create a stretchable active-matrix display 11 . The key in achieving this high level of conductivity was the use of an ionic liquid as a compatibilizer to enable the dispersion of high aspect SWCNTs into the fluorinated rubber while avoiding phase separation and SWCNT aggregation.
As exemplified, fluorinated rubber is an excellent matrix for highly conductive CNT elastomer composites. However, since the physical and chemical properties of rubber greatly vary with the polymer, the realization of highly conductive CNT rubbers using arbitrary elastomers opens the possibilities for countless applications. For example, in oil sealing, hydrin-, styrene-butadiene-, or acrylonitrile-butadiene-rubber has often been chosen because of their high durability and resistance to oil. Here, conductivity greater than 10 23 , 10 22 S/cm is required to avoid electrostatic discharge. In similar fashion, when including conductivity on tires for grounding, polybutadiene rubber or acrylic rubber have been used because of their excellent resistance toward weather, exposure to ozone, and wear. Furthermore, for applications that require durability against large deformations, SEBS (hydrogenated polystyrene-block-polybutadiene-block-polystyrene) and natural rubber (isoprene rubber) have been used because of their high critical and failure strains.
In the past, CNT composite materials employing various nonfluorine based rubbers have been researched; however, the conductivity values (,10 21 S/cm with 10wt% CNT) were vastly inferior compared with that of fluorinated rubber composites (,20 S/cm with 10wt% CNT 12 ). For instance, CNTs have been employed as additives for providing conductive functionalities to materials like NBR 13 , SBR and polybutadiene 14 . Specialized techniques, such as double percolation, have been developed to improve the volume conductivities up to 10 21 S/cm 15 . However, such techniques are restricted to rubber matrices having good compatibility with CNTs. Thus far, a generalized method for achieving high volume conductivities using CNTs, regardless of the host polymer, like rubbers, elastomer and resins has not been realized.
According to percolation theory, the dispersibility of CNTs is a key factor that determines the ease to form conducting-pathways, and thus a composite with uniformly dispersed CNTs is expected to show higher volume conductivity. Dispersibility of a filler in a matrix can be described by the solubility parameter 16 . Solubility parameter is a well-known parameter that describes the energy required to separate a unit of material or molecules from their neighbors, and thus expresses the degree of interaction between materials. Coleman has introduced the concept of solubility parameter to nano-carbon materials 17 . He demonstrated that carbon nanotubes and graphene could be exfoliated from bundles or graphite to single layers or individuals by using a solvent that minimizes the Gibbs free energy of mixing, DG mix . The concept is to choose a solvent that has a similar solubility parameter to that of the nano-carbon material. An apt example is dispersion of HiPCO-SWCNTs into NMP (N-methylpyrrolidone), where the solubility parameters were experimentally determined as 20. , respectively to form a spontaneous dispersion of HiPCO-SWCNT. Furthermore, Dixon et al., reported that matching solubility parameter is important to achieve lower percolation threshold and higher mechanical property 18 . In this article, by using nine diverse varieties of rubbers as matrix, we demonstrated that the highest electrical conductivity of CNT/ rubber composites was achieved when the solubility parameters of CNTs and rubber matched, and progressively decreased as the deviation between the solubility parameters increased. Specifically, fluorinated rubber (solubility parameter: 18.5 MPa ). We exploited this finding to improve the electrical conductivity of a wide class of rubber matrices with varying solubility parameters by the addition of a small amount of fluorinated rubber as a polymeric-compatibilizer. In this way, the base rubber materials best suited for the application at hand could be chosen without compromising its conductivity.
Results and Discussion
First, we studied the influence of the matrix rubber on the conductivity by fabricating a series of Super-growth (SG)-SWCNTs rubber composites from an assortment of rubbers, ranging from fluorinated rubber, multi-purpose rubbers (styrene-butadiene rubber (SBR), polybutadiene rubber, isoprene rubber) and specialty rubbers (such as SEBS, Hydrogenated Nitrile Butadiene Rubber (H-NBR), hydrin rubber, acrylic rubber, and Nitrile butadiene rubber (NBR) used in gaskets and seals). In this work, we used vertically aligned SWCNTs (forests) synthesized by water-assisted chemical vapor deposition 9, 16 denoted as ''Super-Growth'' (SG), to achieve long SWCNTs 19, 20 . The SG-SWCNT were qualified as the best available conductive fillers [10] [11] [12] because they were very long and thus possessed an exceptionally high aspect ratio, yet were not heavily bundled, and easy to disperse. A suspension of SG-SWCNTs in methyl-isobutyl ketone (MIBK) was dispersed through high pressure jet-milling to create unique, meshlike SWCNT networks 21 . Various rubbers were added to the dispersion, followed by casting, and MIBK removal to obtain conductive SG-SWCNT/rubber sheets. The SG-SWCNT contents in all such sheets were maintained at 1 vol% and 10 vol% for direct comparison. Conductivities of these sheets showed a strong dependence on the nature of the rubber matrix and ranged from a maximum of 3.7 3 10 21 S/cm for fluorinated rubber to a minimum of 8.0 3 10 23 S/cm for hydrin rubber for 1 vol% SG-SWCNT sheets (Fig. 1a) , ranged from a maximum of 13.8 S/cm for fluorinated rubber to a minimum of 1.1 S/cm for SEBS for 10vol% SG-SWCNT sheets (Fig. 1b) , in agreement with the trend described in the introduction.
The origin of the variation in conductivity of SG-SWCNT/rubber composites was studied by internal structural observations on ultrathin specimens (thickness: 5 um) sliced by a cryo-microtome. SG-SWCNTs within the fluorinated rubber composite (highest conductivity of 13.8 S/cm with 10 vol% SG-SWCNT) showed a welldistributed, highly exfoliated, and interconnected network (Fig. 1c) . This indicated the ease of mixing of SG-SWCNTs with fluorinated rubber. In contrast, the SG-SWCNT in SEBS composite (lowest conductivity of 1.1 S/cm with 10 vol% SG-SWCNT), showed a distinct phase-separation and tended to aggregate and form spherical domains, indicating ineffective de-bundling of CNTs and therefore inhomogeneous mixing (Fig. 1d ). These results demonstrate the importance of the thorough CNT dispersion in the matrix in determining the conductivity of the SG-SWCNT/rubber composite.
The solubility parameter of SG-SWCNTs was experimentally determined by the dissolution method 22, 23 . Here, the solubility parameter of the SG-SWCNTs was experimentally determined as solubility parameter associated with the solvent that exhibited the highest dispersion concentration. SG-SWCNTs were dispersed into 12 solutions of different and known solubility parameters 24 by a high-pressure jet mill followed by ultra-sonication. The solubility parameters are known as Hildebrand solubility parameters d T 22 . The resultant solutions were stabilized for over 24 hrs. The concentration of the SG-SWCNT in the supernatant of the dispersions was estimated by the Beer-Lambert-Bouguer law 25 based on measured absorbance at 500 nm. Through this process, we could achieve the equilibrium concentrations of the SG-SWCNTs in each of the 12 solutions with different d T . The concentration was plotted versus the solubility parameters (Fig. 2a) ). These results demonstrate that the matching between the SG-SWCNT and rubber matrix is one of the crucial aspects to achieve composites possessing superior properties.
We would like to note that the d T of HiPCO-SWCNTs has been reported as 20. vents are known (Table 1) , we could repeat the process of plotting the equilibrium concentration of SG-SWCNTs versus each Hansen parameter (Fig. 2 b, c, 5 1 nm) . The observed identical d P between the SGSWCNTs and HiPCO-SWCNT is readily explained because both materials are composed of graphic carbon and should show identical dipole-dipole interaction. Lastly, at this stage, we cannot provide a conclusive statement regarding the origin between the differences between the d H . One explanation could be the different levels of hydrogen functionalization during the dispersion stemming from differences in crystalline defect density.
The volume conductivities of SG-SWCNT/rubber composites were plotted as a function of d T of the host polymer ( . Thus, we interpret that the solubility parameter to be important in determining the CNT distribution in the matrix and consequently the volume conductivity of the composite.
Based on these findings, we developed a strategy to improve the conductivity of CNT rubbers composite regardless of solubility parameter of matrix, other than fluorinated rubber. Our strategy was to utilize the excellent compatibility of fluorinated rubber with SGSWCNTs, to other rubber matrices by the addition of 5-10 wt% of fluorinated rubber to the SG-SWCNT rubber composites with the overall procedure remaining similar as previously described. The composites were thus designated as SG-SWCNT/fluorinated rubber/rubber composites (Fig. 4a, b) . To highlight the effect of the fluorinated rubber addition, the volume conductivities of SG-SWCNT/fluorinated rubber/rubber composite samples were compared to those prepared without fluorinated rubber. The results confirmed a distinct improvement in volume conductivities of all such materials prepared using fluorinated rubber as an additive (Fig. 4c, d) . Specifically, for a 10 wt% inclusion of fluorinated rubber, the volume conductivities of isoprene rubber, SEBS, polybutadiene rubber, SBR, H-NBR, hydrin and acrylic rubber rubbers showed increases of 1.1 , 10 times for 1 vol% SG-SWCNT sheets and increases of 1.5 , 3.9 times for 10 vol% SG-SWCNT sheets, respectively. Significantly, the strategy to include a small amount of fluorinated rubber resulted in volume conductivities higher than the targeted 10 S/cm for hydrin rubber and acrylic rubber (Fig. 4d) .
Generally, when CNTs are added as filler for composites, the electrical conductivity changes dramatically on an exponential scale in the region near the percolation threshold. Beyond this region of exponential increase, however, the rate of increase in the conductivity drops, and the addition of more filler does not further enhance the conductivity to any significant degree. For SG-SWCNTs, this percolation threshold is ,0.05 wt%. Here, all of our conductivity results were achieved above this percolation threshold and thus represent values in the saturation regime (1 and 10 wt%). We believe that the factor of ,4 difference in conductivity is significant, since the amount of CNT loading can be reduced by ,4 times, which has a marked impact on practical applications as the intrinsic properties of the matrix can be retained.
Compared to previous reports, the volume conductivities reported here are several times to four-orders of magnitude higher than for the same SWCNT/rubber compositions 28 . Similar improvement in volume conductivities were reported for SBR and BR (from 10 23 S/ cm 7, 8 to 8 S/cm), NBR (from 10 21 S/cm to 8.5 S/cm), SEBS (from 1.0 S/cm to 4.2 S/cm 29 ) for 10 vol% SG-SWCNT. Thus, this approach of using a superior filler and fluorinated rubber additive was successful in achieving significant improvement in the volume conductivities. Therefore, this generalized strategy is expected to significantly broaden the choices for host polymers and widen the scope of applications for conductive rubbers. In order to elucidate the effect of solubility parameter on the conductivity improvement of SG-SWCNT (1 vol% and 10 vol%)/ fluorinated rubber/rubber composites, a plot of d HP (solubility parameter of host polymer) versus the corresponding volume conductivities was constructed for two different fluorinated rubber fractions (5 and 10 wt%) (Fig. 4e, f) . In addition to the improvement in conductivity described above, a corresponding difference in solubility parameter between rubber and fluorinated rubber, with a larger deviations of d HP from d FR (solubility parameter of fluorinated rubber) giving rise to greater conductivity enhancements was observed. Cross-sectional scanning electron microscopy (SEM) images showed that SG-SWCNT appeared to be well-dispersed and distributed uniformly throughout the composite for SG-SWCNT/fluorinated rubber (10 vol%)/SEBS (Fig. 5a ), in sharp contrast to the same composite without fluorinated rubber that showed wide-spread phase separation of the CNTs and rubber (Fig. 1d) .
Further structural characterizations were carried out to investigate how fluorinated rubber contributed to improving the volume conductivity. SEM (Fig. 5b) and energy-dispersive X-ray (EDX) spectroscopic elemental mapping (Fig. 5c) showed that fluorinated rubber was not uniformly distributed and that phase separation had occurred resulting in domains with a large quantity of fluorinated rubber and isoprene rubber (Fig. 5c) . In order to assess the distribution of CNT in the EDX image, Raman spectral mapping based on SG-SWCNT G-band intensity was carried out in the same location with each pixel of the map representing an area of 25 mm 2 . This Gband (at ,1590 cm 21 ) due to the graphitic structure of CNT could be observed for CNT encapsulated in rubber matrices (Fig. 5e) . With fluorinated rubber and isoprene rubber lacking a prominent G-band (Fig. 5e) , the G-band intensity provided a unique signature to track the distribution of CNTs. Overlapping the spectral and elemental maps showed a strong G-band intensity in the fluorinated rubberrich regions and a relatively weak G-band intensity for the isoprenerich regions (Fig. 5f) . Thus, the SG-SWCNT concentration was shown to be higher in fluorinated rubber regions. These results agreed with the strong affinity of SG-SWCNTs with the fluorinated rubber resulting in the SG-SWCNTs preferentially gathering in the domains of fluorinated rubber. We interpret that such preferential localization of SG-SWCNT in the fluorinated rubber domains led to increased contact and overlapping between SG-SWCNTs within the domain. We note that we have observed that when amount of fluorinated rubber, which is added to the host matrix, is too low, a continuous network of CNTs could not be made throughout rubber, and therefore the advantage was lessened. It is reasonable that if the amount of fluorinated rubber is significantly raised beyond our levels, the inherent properties of the host matrix would degrade.
The experimental finding of the linear increase in volume conductivity to the deviation of d HP from d FR (18.5 MPa 1/2 ) can be understood from the addition of fluorinated rubber. The larger deviation in the d HP for the d CNT and the d FR , the poorer the affinity of SGSWCNTs with the host polymer. Therefore, the SG-SWCNTs preferentially mixed into the regions of fluorinated rubber to create islands of well de-bundled CNTs. Due to the length of the SGSWCNTs, these islands were connected by CNT bundles bridges the interstitial regions thereby creating a network structure spanning the entire macroscopic structure. As a result, the density of contacts between individual SG-SWCNTs, and therefore between fluorinated rubber domains, improves volume conductivity. Due to this important effect, the conductivity of the composites (at 10 wt% fluorinated rubber) could be raised to ,10 S/cm regardless of the rubber matrices.
In conclusion, we demonstrated that matching solubility parameter is important to achieve higher conductivity in CNT rubber composite by using nine kinds of rubbers as matrices. Based on these findings, we propose that the addition of a small amount of fluorinated rubber into the rubber matrix as a general and practical approach to improve the conductivity of arbitrary CNT/rubber composites.
Such SG-SWCNT/rubber composites presented here, possesses additional advantages such as excellent mechanical durability originating from the ability of long and traversing SWCNTs to deform in concert with the elastomer with minimum stress concentration at their interfaces. Finally, we note that the SG-SWCNT synthetic technology has been successfully scaled-up to a pilot production plant where large growth substrates are continuously conveyed through the reactor enabling annual ton-scale SWCNT production for the first time. Combined with the results of this work, we envision the realization of versatile applications for CNT rubber with various rubber matrices such as, stretchable electronics, flexible displays, and automobile parts.
Methods
We used super-growth SWCNTs (.99.98% in purity, .1 mm in length, and 3 nm in diameter) unless otherwise specified. Millimeter-scale tall SWCNT (SG-SWCNT) forests were synthesized from iron catalyst nano particles on a Ni alloy metal substrate 17 using ethylene as the carbon feedstock and water as a growth enhancer. Purity of SG-SWCNT is more than 99.5% which was measured by thermogravimetric analysis ( Figure S1 ). Typically, we mixed the SWCNTs in MIBK 4-methly-2-pentanone (8 ml) for 12 h. A suspension of SG-SWCNTs in methyl-isobutyl ketone (MIBK) was dispersed through high pressure jet-milling (100 MPa and 120 MPa, Sugino Machine, Japan) to create unique, mesh-like SWCNT networks 21 . The mixture was stirred at 80uC for 24 hour to remove the MIBK and the resulting gel-like solution was poured onto a glass plate by drop casting and then air-dried for 24 hours to obtain a composite film. The SG-SWCNT contents in all such sheets were maintained at 1 vol% and 10 vol% for direct comparison. Volume conductivities of sheets measured by using Van der Pauw 4-terminal method using a MCP-T610 and MCP-TPLSP probe (Mitsubishi Chemical Analytech Co., LTD). Rubbers were added to the SG-SWCNT solution. The 30 . CNT morphology in rubbers were observed by digital microscope after making ultra-thin sections (t55 um) with cryo-microtome (RM2265, Leica, at 280uC). Raman shift spectrum measurement and their mapping were carried out by Raman spectrometer (Nicolet Almega XR, Thermo Fischer Scientific Inc.) with laser excitation at a wavelength of 532 nm. Energy dispersive X-ray spectrometry (EDX) measurement was carried out with EDX analyzer (X Flash 6/30, Bruker) attached on scanning electron microscope (S4800, Hitachi). Determine solubility parameter SG-SWCNTs were dispersed into 12 kinds of different and known solubility parameters by a high-pressure jet mill (100 and 120 MPa, 2 passes, HJP17004, Sugino Machine Co.) follow by ultra-sonication (W 5 600 W, 24 kHz, 1 h, 40uC). The resultant solutions were stabilized for over 24 hrs. The concentration of the SG-SWCNT in the supernatant of the dispersions were estimated by the Beer-Lambert-Bouguer law (specific extinction coefficient for SG-SWCNT of e 500 5 2.06 3 10 4 cm 2 g 21 ) based on measured light absorbance at 500 nm (UV-3600, Shimazu Co.) 25 . Hansen solubility parameter is defined as follows,
where, d D , d P , d H represent the strength of dispersive-, polar-and hydrogen bonding interactions, respectively 26, 27 . 
